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Abstract

In this paper, we determine the minimum hybridization
probe length to uniquely identify at least 95% of the open
reading frame (ORF) in an organism. We analyze the
whole genome sequences of 17 species, 11 bacteria, 4
archaea, and 2 eukaryotes. We also present a mathematical
model for minimum probe length based on assuming that
all ORFs are random, of constant length, and contain an
equal distribution of bases. The model accurately predicts
the minimum probe length for all species, but it incorrectly
predicts that all ORFs may be uniquely identified.
However, a probe length of just 9 bases is adequate to
identify over 95% of the ORFs for all 15 prokaryotic
species we studied. Using a minimum probe length, while
accepting that some ORFs may not be identified and that
data will be lost due to hybridization error, may result in
significant savings in microarray and oligonucleotide
probe design.

Introduction

Arrays of cDNA spotted on glass or nylon, or synthesized
on silicon or glass chips have been developed in the last
decade to simultaneously measure the expression of
thousands of different genes by hybridization. These
genes may be subsets of eukaryotic genome responsible
for specific cellular functions, such as DNA repair, or
they may even represent the entire genome of a microbial
organism (~10° genes). In the simplest case the entire
DNA sequence of the gene is used as the array. However,
some of these cDNAs would have to be thousands of
bases in length, and there are practical problems with
implementation. A more efficient approach is to use a
shorter cDNA probe that represents a subsequence unique
to the gene. For example, the sequences “ACTCG” and
“ACTCT” may be uniquely identified by the probes
“TCG” and “TCT”.

Unfortunately, DNA and RNA do not hybridize
perfectly. The stacking interactions between bases in a
sequence are so stabilizing that a few base pair
mismatches over hundreds or thousands of bases are not
thermodynamically unfavorable. Indeed, cells contain

elaborate DNA repair mechanisms to repair errors arising
from these mismatches. To avoid hybridization errors,
chip and array designers typically design specialized
probe sets that include as much unique sequence for each
gene as possible. They also include controls that indicate
to the experimenter that hybridization errors may have
occurred. As a result of this, a 25-mer probe is to date the
shortest practical length, and chip and array
manufacturers use sophisticated proprietary algorithms to
design probe sets (Lipshutz et al. 1999).

But, if we sacrifice some accuracy and find a way to
avoid hybridization errors, a less costly and more
convenient approach may become feasible. The number
of permutations of a sequence of N bases is 4~. For N =
10, there are more than 10° possible 10-mers. At first
glance, it appears likely that each of 10° genes contain at
least one unique 10-mer subsequence. This 10-mer could
then be used to uniquely identify the gene’s presence in a
hybridization experiment. This has been the extent of the
analysis in previous literature about using very short
probes to identify genes (Velculesu et al. 1995).

The problem is more complicated, however. If genes
have very similar sequences they will be fewer distinct
subsequences. Fortunately, structural genes deviate by
virtue of coding for different amino acid sequences.
Unfortunately, this is not true of all genes, particularly
those that regulate expression. Hopefully, there may still
be a probe length N for which 90% or more of the genes
can be identified.

In this paper, we determine the minimum probe length
required to identify at least 90% of predicted open reading
frames (ORFs) in the whole genome sequences of nine
microbial species and two eukaryotic species (the yeast S.
cerevisiae and the nematode C. elegans). We accomplish
this by searching through publicly available sequence data
to count the number of uniquely identified ORFs for
different subsequence lengths. We also show that a simple
rule-of-thumb model that assumes genes are random IID



sequences correctly predicts the same minimum probe
length, but also implies unique identification of all genes,
which is generally not true for a real genome.

Scanning Whole Genome Sequences

We downloaded publicly available whole genome
sequences of 17 species. In all cases, we used the open
reading frames (ORFs) found by the local site from which
the data was downloaded. Table 1 lists the species used in
this study, along with kingdom and sequencing group.

Species ORFs  Reference Site

Yersinia pestis B 4060 Sanger Centre, 1
unpubl.

Escherichia coli B 4405 Blattner et al. 2
1997

Bacillus subtilis B 4094 Kunst et al. 3
1997

Campylobacter jejuni B 1731 Sanger Centre, 1
unpubl.

Thermatoga maritima B 1877 Nelson et al. 4
1999

Deinococcus B 3187 White et al. 4

radiodurans 1999

Borellia burgdoferi B 1738 Fraser et al. 4
1997

Haemophilius B 1738 Fleischmannet 4

influenzae al. 1995

Helicobacter pylori B 1590 Tomb et al. 4
1997

Trepanoma pallidum B 1039 Fraser et al, 4
1998

Mycoplasma B 483 Fraser et al. 4

genitalium 1995

Pyrococcus A 2061 Kawarabayasi 5

horokoshii etal. 1998

Pyrococcus abyssi A 1816 CNS 6
Genoscope,
unpubl.

Methanococcus A 1783 Bultetal. 1996 4

Jjanaschii

Archaeoglobus A 2437 Klenk et al. 4

fulgidus 1997

Saccharomyces E 6085 Goffeau et al. 7

cerevisiae 1996

Caenorhabditis E 15991 C. Eleg. Seq. 7

elegans Cons. 1998

B.: Eubacteria

A.: Archae

E.: Eukarya

1. http://www.sanger.ac.uk
2. http://www.genetics.wisc.edu
3. http://bioweb.pasteur.fr
4. http://www tigr.org
5. http://www.bio.nite.go.jp
6. http://www.genoscope.cns.fr
7. http://www.ncbi.nlm.nih.gov
Table 1 Genomes downloaded for analysis

We downloaded sequence data already divided into
ORFs. Results will vary based on different ORFs
predicted by different finding algorithms. However,
finding prokaryotic ORFs is relatively straightforward
because a single gene is not divided into multiple,
discontinuous ORFs. The actual ORFs should not differ
sufficiently from the predictions enough to change our
conclusions.

We determined the number of uniquely identifiable
ORFs for a particular probe length N as follows. We
considered each ORF as a separate string of characters
(the bases ‘A’, ‘C’, ‘T’, ‘G’) and assigned the ORF a
unique index. Starting with the first ORF (index 1), we
defined a substring of length N from the first character to
the (N-1)th character of the string. The substring was then
inserted in a lookup table corresponding to the ORF index
1. Then, we defined a substring from the second character
to the Nth character, and again place it in the lookup table
assigned to the ORF index 1. This continued until the last
complete substring of length N was extracted from the
first ORF string. Then we proceeded to the second ORF,
index 2, and considered all of its constituent substrings. If
a substring was not found in the lookup table, it was
inserted in the table and assigned to ORF index 2. If it
was found in the lookup table, it was assigned a negative
index, indicating that it was not uniquely found on an
ORF. We systematically searched all ORF strings in this
fashion. Finally, we searched the lookup table, and
counted the number of different positive ORF indices left
assigned to a substring.

The algorithm was repeated for probe substring lengths
N = 7 to 14. It was implemented using Perl 5.0 on a Sun
Ultra 5, and took approximately one hour to completely
search through a microbial genome containing on the
order of 10° ORFs.

Using a Simple Model to Predict Minimum
Probe Length

We construct a simple mathematical expression for the
expected number of ORFs that contain at least one unique
subsequence probe of given length N. We will assume
that ORFs are random sequences of constant length L
consisting of bases A, C, T, and G occurring in equal
concentrations. Previous work indicates that a random
model may succeed, because DNA sequences have much
higher entropy and are consequently more disordered and
random than other kinds of information, like language and
music [16]. We also assume that every subsequence
(including overlaps) of an ORF sequence is distinct; that
is, every ORF has the maximum L-N+1 different
subsequences.

Under these assumptions, given G random ORF
sequences, the probability that a particular ORF sequence
contains at least one subsequence (s.s) of length N that



does not occur within any other arbitrary ORF sequence
is:

P(Zl unique ss.): I—P@ unique s.s.)
P@ u.ss.): P(lst s.s.not unique)x P(an s.s.not unique)x

s X P((Lf N+ l)hs.s. not unique)

L-N+1
= JI P(kﬂz s.8.not unique)
k=1
 \L-N+l
= P(random s.s.not unzque)

but,
P(s.s. not unique): 1- P(ss. not found in any other sequence)

=1- P(ss.not found inrandom sequence)G

Thus, we define the probability Py that an ORF is
uniquely identified by at least one probe of length N:

G-1 L-N +1
PU(N,L,G):I—[I—PQ(N,L) ] (1)

where G is the total number of ORFs in the genome, N is
the subsequence probe length, and Py(N,L) is the
probability that an arbitrary random sequence of length L
does not contain a particular subsequence of length N.

For given N, we can calculate Py using the recursion
equation (Bloom 1996):

Py(L)=Po(L-1)-p" (- pPo(L-N-1):N>L

Py0)=Po(1)==R(N-1)=1 :N<L (2)
(N )=1-pY

The recursion (2) will give a binomial distribution. Since
Py dominates the result of (1), we expect that when the
proportion of ORFs with a unique probe Py is plotted for
different values of N, it will look like a characteristic
sigmoid. There will be a critical probe length N at which
there is a sudden increase in the number of uniquely
identifiable ORFs.

Fig. 1 shows this plot for different numbers of ORFs
within a genome, assuming a constant ORF sequence
length of 500 and equal base distribution.

Based on our simple model, for microbial genomes
where G ~ 10° ORFs, the minimum probe length for most
ORFs to be identified is 9 or 10 bases. We tested the
model by comparing the result of (1) with the results of
the exhaustive search for each of the species, using the
species genome size as the input G. Throughout, we
assumed a constant ORF length L of 500 and an equal
base distribution (p = 0.25). These are arbitrary but

N =L

realistic values intended to avoid reparameterizing the
expression for every different species.

Dependence on Number of ORFs (G)
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Figure 1 Proportion of uniquely identifiable ORFs for
different genome sizes, ORF length of 500 bases

Fig. 2 shows a plot of the critical subsequence probe
length N at which 95% or more of the ORFs are uniquely
identifiable, with the number of ORFs on a log axis.
Again, this is for a constant ORF Length of 500 and equal
base distribution.

Subsequence Length (N) for >95% Unique Identificatiol
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Figure 2 Minimum probe length as genome size increases

Assumption of Equal Base Distribution. Table 2 shows
the variability in base concentrations for three particular
species.

A [T |G |C JA-T |GC

M. genitalium  §36% |32% |17%[15%]68% |32%

E. coli 24% |24% (27% 24%§48% |52%

Y. pestis 25% |26% |26% |23%|51% |49%
Table 2 Distribution of bases in ORF data

For many prokaryotic genomes, assuming equal base
distribution is appropriate. This will not typically be the
case for eukaryotic genomes for which G/C dominates in
ORFs.



Assumption of Equal ORF Length. Fig. 3 shows a
histogram demonstrating the large variation in lengths for
Y. pestis. While L = 500 may be lower than the mean
length, it is a convenient constant value that is well within
the peak of the distribution.

Y. pestis ORF Length Histogram
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Figure 3 ORF length histogram of Y. pestis

Also, as Fig. 4 shows, the choice of L does not
significantly affect the model’s prediction of uniquely
identifiable ORFs. For a genome size of 5000, typical for
prokaryotic species, changing the ORF length from 500
through 1000 bases does not change the subsequence
length N for 100% identification.

Sensitivity to ORF Length (L), G = 5000
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Figure 4 Sensitivity of model (1) to ORF length, genome
size of 5000 ORFs

Results and Discussion

Fig. 5 shows plots both the predicted and actual
proportion of ORFs that can be uniquely identified against
probe length. Fig. 4 contains the results for four microbial
species and the two eukaryotic species we studied. The
appendix contains the results for all species.
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Saccharomyces cerevisiae (6085 ORFs)
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Figure 5 Actual and predicted proportions of uniquely
identifiable ORFs

The shapes of the actual and predicted plots are in close
agreement, and the model predicts the exact probe length
for unique identification of at least 90% of all ORFs. Thus
the model, and its assumption that ORFs may be treated
as random sequences, is largely correct. However, the
results show that in reality, it is impossible to uniquely
identify all ORFs in a genome with a short subsequence.
This is further indicated by Fig. 6, a histogram showing
number of subsequences of length N = 10 that occur on
multiple ORFs within Y. pestis. Contrary to the
predictions of our model based on (2), some subsequences
occur in as many as 20 different ORFs and more
subsequences than expected do not occur in the genome at
all.

Previous work has shown that the entropy of coding
regions of DNA, the ORFs, is lower than non-coding
regions, indicating that they are not completely random
(Schmitt and Herzel 1997; Schneider 1997). Furthermore,
genomes contain detectable 10-11 base pair periodicities
related to DNA folding (Herzel, Weiss, and Trifonov
1999). The characteristic sequences result in supercoiling
and nucleosome formation, and common protein structure
motifs. There is also evidence from whole-genome
microarray experiments that inhibitory and promotional
genes for the same function often have similar sequences
(DeRisi, Iyer, and Brown 1997). As Fig. 4 shows, a probe
length of 9 or 10 uniquely identifies almost all ORFs in a

genome. Regardless of how much longer the probes get,
there will always be ORFs that can not be uniquely
identified using a minimal length probe set.

Frequency of Repeated Subsequences (N=10) in Y. pestis
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Number of ORFs Containing Subsequenc:

Figure 6 Truncated subsequence frequency histogram of
Y. Pestis

Finally, Fig. 4 shows that in the case of the animal C.
elegans at least, the simple model of random ORF
sequences accurately predicts that most ORFs may be
identified with a probe length of 11 bases. Fig. 7
extrapolates our model to a human-sized genome of
100,000 genes, and predicts that a probe of 12 bases is
adequate to uniquely identify most human genes, although
it is quite likely that a significant proportion will elude
detection as demonstrated above.

Prediction for 100,000 ORFs
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Figure 7 Random sequence model for 100,000 genes

Conclusions

For all of the microbial species we studied, with genomes
ranging from 500 to 4500 open reading frames, a probe of
9 or 10 bases is theoretically sufficient to identify at least
90% and typically 95% or more of all ORFs. Our model
(1) of ORFs as random sequences of equally distributed
bases and constant length is very robust: it exactly
predicts the minimum required probe length from actual
sequence data for all 17 prokaryotic and eukaryotic
species we studied. Furthermore, the minimum probe
length increases very slowly with genome size. The



model predicts that a probe of 12 bases is comprehensive
enough to uniquely identify 100,000 ORFs.

Unfortunately, it is impossible to identify a// ORFs in
real sequences, contradicting the random sequence model.
This suggests that a few have large nonrandom segments
that they share with other ORFs. Thus, even before
practical issues like hybridization error are considered, a
minimum length probe set can not identify every ORF in
a genome. Indeed, by using minimum length probes, we
may be missing the most interesting genes with regulatory
roles.

But, if measuring the expression of every gene is not
critical, minimum length probes can provide significant
cost and convenience advantages for “quick and dirty”
whole genome expression experiments. There is no need
for expensive and difficult array and probe set design, and
experiments are easier to perform. It is very likely that
using minimum length probes will be an important tool
for inexpensive, high-throughput functional genomics.
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Appendix

As in Fig. 4, we plot the proportion of ORFs in the whole
genome that are uniquely identified against probe length
(N) for all species in Table 1. Shown are both analysis of
real sequence data and the random sequence model
prediction (1) of the number of ORFs (G), for each
species in Table 1.
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B. burgdoferi (1783 ORFs)
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P. horokoshii (2061 ORFs)
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